from chronic inflammation resultant from a dysregulated innate immune response. Early stages of infection are hallmarked by the presense of neutrophils intended to clear the infection; however, the process is not adequate in CF lungs, and the persistent inflammation leads to severe, structural tissue damage [3] . In healthy lung tissue, the resident epithelial cells serve as a protective barrier; in contrast, with CF, these epithelial cells are thought to serve as the originators for the proinflammatory signaling that is perpetuated by bacteria-derived stimuli.
Indirect and direct interactions between the bacteria and host cells serve to promote infection and inflammation. For example, bacterial Quorum Sensing (QS) molecules, which regulate the expression of genes associated with virulence factor production, biofilm formation, and antibotic resistance, have been shown to play a critical role in inter-kingdom signaling. Two QS systems in P. aeruginosa are based upon the interaction of N-acylhomoserine lactones (AHLs), specifically N-(3-oxododecanoyl) Homoserine Lactone (3-oxo-C 12 -HSL) and N-butyryl Homoserine Lactone (C 4 -HSL), with inducible transcription factors, LasR and RhIR, respectively, that activate gene expression [4] . Another, lesser studied, QS system relies upon the association of 2-heptyl-3-hydroxy-4-quinolone, referred to as Pseudomonas Quinolone Signal (PQS), with PqsR [5] . Although the primary role of QS molecules is to control gene expression by P. aeruginosa, these molecules also elicit a response from host cells [6, 7] .
In general, AHLs are thought to modulate the immune response in a concentration dependent manner with low concentrations (< 10 µM) reducing the production of inflammatory mediators and higher concentrations activating pro-inflammatory signaling pathways, such as nuclear factor kappa B (NF-κB) [8] . However, the exact nature of the immunomodulatory impact further depends on the structure of the AHL [9] , the presence of additional bacteria-derived stimuli (especially lipopolysaccharides, LPS) [10] , and the type of mammalian cell [11] . The structurally distinct PQS molecule has likewise given rise to a mixture of seemingly conflicting results. At non-cytotoxic concentrations (1-5 µM), administration of PQS to monocytes and bronchoalveolar cells
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oIntroduction
Pseudomonas aeruginosa is an opportunistic human pathogen that causes a wide range of infections in compromised individuals [1] . In Cystic Fibrosis (CF) patients, P. aeruginosa is the most prevalent bacteria to colonize the lungs and is significantly correlated with increase in morbidity and mortality [2] . The treatment of CF is complicated by the resistance of P. aeruginosa to a number of antibiotic treatments, due in part to the formation of thick, mucoid biofilms [2] . Additional difficulties in the treatment of the P. aeruginosa infection in CF lungs arise Special Issue: Cytokines: Immunological Playmakers resulted in a reduction in the secretion of two pro-inflammatory mediators, tumor necrosis factor-α (TNF-α and interleukin-6 (IL-6), purportedly via suppression of the NF-κB pathway. However, administration of high concentrations of PQS (≥ 10 µM) resulted in enhanced TNF-α secretion [6] . Feasibly, the QSMs act in concert to ensure that the innate immune response required for removing bacteria is impaired while maintaining the proinflammatory environment that yields structural damage.
The gap in knowledge regarding the precise role of QSMs, particularly PQS, in the dysregulation of the host inflammatory response highlights the need for further research on the complexity of inter-kingdom signaling. Towards this end, our lab has been working towards understanding of the role that PQS plays in modulating the inflammatory response, particularly as pertains to the profoundly altered, CF airway epithelial cells. In this study, ELISA was used to assess changes in the secretion of two proinflammatory mediators, Interleukin-6 (IL-6) and Interleukin-8 (IL-8,) by the IB3-1 CF epithelial cell line resultant from treatment with combinations of LPS derived from P. aerugnosa, pLPS, and PQS. The selected proteins are known to be elevated in patients with CF [12] . In addition, pleiotropic IL-6 serves as a key player in the overall immune response [13] , while IL-8 is active in the recruitment of neutrophils that have been directly linked to reduced pulmonary function and increased lung damage [14, 15] . To further understand how PQS interacts with the host cell, identical experiments were conducted following treatment of cells with toll-like receptor 4 antibody (TLR4-pAB). Toll like receptors are a family of transmembrane cell receptors that recognize bacteria and other microorganisms, with TLR4 serving as a receptor for Gram-negative lipopolysaccharides [16] . Although AHLs have been shown to induce a cellular response through a mechanism that does not involve the TLRs, the interaction of PQS with TLRs has not previously been studied.
Materials and Methods
Cell culture and cytotoxicity IB3-1 CF epithelial cells were obtained from Professor Pam Zeitlin at Johns Hopkins University and cultured at 37°C, 5% CO 2 in LHC-8 complete growth media (Invitrogen), supplemented with 5% fetal bovine serum (Atlanta Biologics) on 25 cm 2 collagencoated tissue culture flasks. pLPS and PQS were procured from Sigma Aldrich. Cytotoxicity of PQS (0-200 µg/ ml) and pLPS (0-1000 µg/ ml) towards the IB3-1 cells was assessed using a WST-8 cell proliferation assay (Cayman Chemical) following the manufacturer's instructions.
Immunomodulation by PQS and pLPS
Media for stimulation of the IB3-1 cells was prepared via dilution of pLPS and PQS stock solutions in DMSO at 5 mg/ mL and 10 mg/ mL, respectively. The DMSO did not have an impact on cellular proliferation at such low concentrations within the media. Upon reaching confluence within the 25 cm 2 tissue culture plates, the cells were seeded into coated 24 well plates at a density of 25,000 cells per well in 500 µL of media. Plated cells were allowed to adhere for 24 h in unstimulated media, at which point the media was replaced with 500 µL of stimulated media containing various combinations of pLPS and PQS. After 24 h, the supernatant was collected and stored at -80°C until analysis.
Toll-like receptor 4 blocking
LPS is known to induce inflammation through complexation with TLR4 [16] . To identify if TLR4 also plays a role in the host cell response to PQS, cells were seeded into a 24 well plate, as described above. At 23 h after seeding, the media was replaced with LHC-8 media with 5% FBS and 1 µg/ mL of TLR4-pAB (Santa Cruz Biotechnology). After 1h of exposure to the TLR4-pAB, the media was removed and replaced with media containing combinations of pLPS and/or PQS with 1 µg/ mL TLR4-pAB. After 24 h, the supernatant was collected and stored at -80°C until analysis. In additional studies to confirm the role of TLR4 in PQS interactions, cells were treated with 1 µg/ mL of IgG isotype control antibody prior to stimulation with either PQS alone (10 µg/ mL) or in combination with pLPS (100 µg/ mL).
Quantitative analysis of inflammatory cytokines
IL-6 and IL-8 ELISA kits (Peprotech) were run according to the manufacturer's instructions to determine the levels of IL-6 and IL-8 in the collected supernatant. Samples were run in duplicate, and each experiment was repeated independently at least three times.
Statistical analysis
All data is expressed as the mean ± the standard deviation. IL-6 and IL-8 levels were expressed relative to cells that remained untreated. To compare cytokine profiles obtained from exposure of the cells to various stimulant combinations, with or without TLR4-pAB, one-way ANOVA with Fisher's LSD post-hoc test was performed. For each combination of stimulants, the Student's t-test was used to compare IL-6 and IL-8 concentrations with and without TLR4-pAB. Student's t-test was likewise used to compare IL-6 and IL-8 concentrations for cells treated with TLR4-pAB and isotype control antibody. Differences were considered to be significant when p ≤ 0.05.
Results and Discussion

Cytotoxicity of PQS and pLPS
Both pLPS and PQS were found to be non-cytotoxic towards the IB3-1 cells over the majority of concentrations observed (Figure 1 ). The lack of PQS cytotoxicity is consistent with results obtained previously by other investigators [17, 18] . In accord with the observed outcome in this study, LPS derived from P. aeruginosa is less cytotoxic than that derived from Escherichia coli and other enterobacterial species, purportedly due to differences in the structure of the bisphosphorylated lipid (lipid A) component of the molecule. Structural changes in Lipid A may likewise cause an enhanced inflammatory response. In general, an increase in the degree of acylation from a penta-acylated form to hexa-or hepta-acylated form is directly correlated to the production of pro-inflammatory mediators [19, 20] .
Immunomodulation by PQS and pLPS through toll-like receptor 4
As anticipated, stimulation with pLPS alone enhanced the Figure 2 : ELISA was performed to determine the levels of IL-8 (A) and IL-6 (B) secretion after stimulation with pLPS and/or PQS for 24 hours in the presence ( ) or absence ( ) of TLR4-pAB. Results are expressed as fold changes relative to a non-stimulated control. All data is presented as mean ± SD (N = 3). *, p < 0.05 versus 1.0 mg/ ml PQS + 100 mg/ml LPS; ‡, p < 0.05 versus 100 mg/ml LPS; †, p < 0.05 versus 10 mg/ ml PQS + 100 mg/ ml LPS, and §, p < 0.05 versus the corresponding stimulation condition without TLR4 blocking. secretion of pro-inflammatory mediators by the IB3-1 epithelial cells, although the increase in IL-6 was not significant ( Figure  2 ). Cellular activation by pLPS is thought to occur by binding to CD14, followed by interaction with TLR4 and co-factor MD-2 [16] . Interaction with TLR4 in turn leads to the recruitment of Myeloid Differentiation Primary Response Gene 88 (MyD88) adapter protein through interaction with the TIR (Toll-Interleukin-1 Receptor) domain, which subsequently stimulates the production of proinflammatory mediators through activation of the NF-kB and Mitogen-Activated Protein Kinase (MAPK) pathways [21] [22] [23] . A number of seemingly contradictory reports exist pertaining to the location of TLR4 on lung epithelial cells [24] . In the current study, the addition of TLR4-pAB resulted in reduced secretion of IL-6 and IL-8 when the cells were stimulated by pLPS, regardless of the presence of PQS. The latter result strongly indicates that pLPS-induced activation occurs at TLR4 on the cell surface.
Stimulation with PQS alone yielded a trend towards increased secretion of IL-6 and IL-8. These results contrast reports that PQS possesses anti-inflammatory properties [6] (Figure 2) . However, to our knowledge, all prior studies were conducted with lymphocytes or phagocytes, suggesting that impact of PQS may be cell-type dependent, as has been previously observed for AHLs. For example, at 10 µM, 3-oxo-C 12 -HSLreduced the secretion of Interleukin-12 (IL-12), a pro-inflammatory cytokine, by LPSstimulated macrophages [10] , while exposure of lung fibroblasts and epithelial cells to the same concentration, without an additional stimulant, enhanced the secretion of IL-8 [11] . Thus, PQS may effectively mirror AHLs in regards to inter-kingdom signaling.
Together, PQS and LPS acted in a synergistic manner, as indicated by increased IL-6 and IL-8 relative to levels obtained with either mediator alone. Surprisingly, blocking the TLR4 receptor reduced secretion of IL-6 and IL-8 when cells were subsequently stimulated by PQS, regardless of the presence of pLPS. To confirm the latter result, cells treated with the TLR4-pAB or isotype control antibody prior to stimulation with PQS alone or in combination with pLPS were compared (Figure 3) . The TLR4-pAB antibody significantly reduced cytokine secretion relative to any changes that resulted from non-specific antibody binding; thereby, supporting the notion that PQS interacts with TLR4. A similar technique has been used previously to validate that P. aeruginosa induces a cellular response through interaction with TLR5 [25] . Although LPS is known to act through TLR4 [16] , this is the first report of PQS interacting with a tolllike receptor. Subsequent studies will explore (1) whether PQS interacts directly with TLR4 or requires prior complexation with other membrane proteins and (2) if PQS activates the NF-kB and MAPK proinflammatory signaling pathways through recruitment of MyD88, as occurs with pLPS.
In conclusion, through improved understanding of interkingdom signaling and the factors involved in Immunomodulation, more effective treatment strategies for diseases associated with infection and inflammation can be designed. For the first time, we demonstrated that PQS acts through TLR4 and can act synergistically with pLPS to enhance the inflammatory response. Future studies will aim towards garnering further understanding of the mechanism by which PQS interacts with TLR4 and activates proinflammatory pathways. In addition, this study paves the way for future studies on inter-kingdom signaling linked to other structurally similar Quinolone, such as the PQS precursor 4-Hydroxy-2-Heptyl quinoline (HHQ) that are released by P. aeruginosa [26, 27] .
